We report what is to our knowledge the first femtosecond pulse generation at 1.3 Am in a Pr 3 +-doped fluoride fiber laser. After optimization of the cavity length and dispersion, the laser generated pulses as short as 620 fs. We also describe self-stabilization and self-organization of the output pulse train at repetition rates from the fundamental cavity frequency of 700 kHz up to 440 MHz and report on polarization effects.
Over the past few years there have been many reports of femtosecond pulse generation in Er-doped fiber lasers that used a number of different cavity configurations and mode-locking techniques. 1 -3 These techniques have proved capable of directly generating pulses as short as 98 fs at 1.55 ,-m, 4 the lowest-loss window in optical fiber used for telecommunications.
A second low-loss window exists at 1.3 Eum, and recently considerable interest has been directed toward Pr 3 +-doped fluoride fiber as an amplifier for providing gain at this wavelength. Pr doped into a fluoride glass host exhibits high gain over a range of -50 nm, and this broad bandwidth has the potential to support femtosecond pulses. One problem with Pr-doped single-mode fibers is that they tend to be highly normally dispersive at 1.3 jrm, making it difficult to exploit the solitonlike pulse compression effects that lead to ultrashort pulses in similar Er-doped silicabased systems. The shortest pulse duration from a Pr 3 + fiber laser reported until now is 1.6 ps with a time-bandwidth product of 0.85 from a figure-ofeight laser cavity configuration whose overall dispersion was normal. 5 In this Letter we report the generation of almost transform-limited pulses as short as 620 fs from a figure-of-eight laser with anomalous overall dispersion and describe the selfstabilization of the output pulse train at a wide range of repetition rates. Figure 1 shows a schematic layout of the laser. The nonlinear amplifying loop mirror (NALM) contain a 7-m length of Pr 3 + -doped ZBLAN fluoride fiber with a dopant concentration of 2000 parts in 106 that was pumped through a wavelength-division multiplexer (WDM) with as much as 1 W of power from a Ti:sapphire laser tuned to 1.02 ,i-m. One of the problems associated with fluoride glass fiber is that it cannot be fusion spliced to standard silica fiber because the two glasses have different melting points. We overcame this problem by using mechanical splices (denoted by X) between the two fiber types, which has a measured loss of 0.4 dB each. The rest of the fiber in the NALM was chosen to have a minimum dispersion at 1.27 Aum, and its dispersion at 1.3 Aum was approximately +4.5 ps/(nmkm). The length L of this anomalously dispersive fiber was varied during the experiment. The passive feedback part of the cavity contained a polarization-insensitive Faraday isolator (FI) to ensure unidirectional operation and a 10% output coupler (OPC). Two fiber strainers were included to control the polarization in the cavity (PC 1 and PC 2).
The typical output power throughout the experiment was -4 mW for -800 mW of pump power, and the threshold was -400 mW, yielding a slope efficiency of -1%. Figure 2 shows the variation of output power with pump wavelength at constant pump power and reveals that maximum efficiency is achieved for pumping at 1.02 ,m. The dip at 1.03 ,m is due to excited-state absorption whereby both a pump photon at 1.03 um and a signal photon at 1.3 ,m are absorbed, promoting an electron to the 1 D 2 level. This radiates orange light on relaxation back to the ground state and acts as a loss at the signal wavelength. The initial cavity that was investigated contained 260 m of anomalously dispersive fiber. It typically generated pulses of -800-fs duration that had a spectral width of 2.8 nm, yielding a time-bandwidth product Az.'Ar of 0.4. The spectrum contained the resonant sidebands that are characteristic of the welldocumented instability displayed by such lasers when the soliton period (zo) becomes comparable with the amplification period (Za) of the laser. 6 7 From the position of these sidebands it was possible to estimate that the dispersion of the doped fiber was approximately -40 ps/(nm km).
To generate shorter pulses it is necessary to minimize the dispersion-length product of the cavity, so the length of the anomalously dispersive fiber was reduced to 137 m. This configuration yielded pulses as short as 620 fs, and Fig. 3 shows a typical autocorrelation (polarization dependent) and spectrum (polarization unresolved). One can see that an apparent contribution to the spectrum is associated with a cw component that accompanies the broader spectrum corresponding to the soliton. The same behavior has been observed in similar Er-based laser systems, and the cw component can be associated with instability in the periodically amplified soliton and with the predetermined phase-switching condition of the loop's being met by differing wavelengths through polarization changes arising from fiber birefringence. The cw component can be minimized through optimization of the polarization controllers, as shown in Fig. 4 . The pulse duration in this case tended to be slightly longer, however: -600 fs (see the inset of Fig. 4 ). For the case of the 620-fs pulse, AvAr was calculated to be -0.50, but we noticed that the measured pulse duration changed slightly if the polarization of the input light to the autocorrelator was rotated. It was found that the laser output could be resolved into two orthogonally polarized components with slightly different pulse durations and spectra, as has recently been observed in a similar Er-based system. 8 Figure 5 shows the polarization-resolved spectra, with the pulse autocorrelation of one of the components given in the inset. The time-bandwidth product calculated with the appropriate spectral component is 0.32, close to the transform limit for sech 2 pulses. It can be seen that the spectra of the pulses in this case exhibit the characteristics of cross-phase modulation and the pulse behavior bears similarities to polarization binding of solitons. In this case, however, the two components arise from the fact that the criteria for switching in the NALM can be met independently by the two polarizations through a wavelength change.
Further shortening of the length of anomalously dispersive fiber in the loop did not result in any further shortening of the pulse duration. It is thought that this is so because, although the net second-order dispersion in the cavity had been minimized (leading to longer zo), the cavity length was still -128 m, and despite a very low overall second-order dispersion there was a relatively high cumulative third-order dispersion that acted to limit the pulse duration and distort the spectrum, causing asymmetry. It should be noted that for these shorter cavity lengths the ratio ZO/za is larger than that usually encountered in Erbased systems because of this limit, and therefore the spectral sidebands are much less prominent. In general this laser exhibited the well-known temporal output of figure-of-eight lasers consisting of bunches of randomly spaced short pulses periodic at the round-trip time of the cavity. It also displayed some novel modes of mode-locked operation, however, in which the random stream of pulses would self-organize over a period of a few seconds into a well-defined pulse train at harmonics of the roundtrip frequency, as has recently been observed in an Yb-Er-doped fiber ring laser. 9 This was observed both at low harmonics (up to the 7th, -5 MHz) and high harmonics of the cavity, with a maximum repetition rate of 437 MHz, corresponding to the 617th harmonic. These different repetition rates were selected by adjustment of the two polarization controllers and, once established, exhibited long-term stability. Note that the combined resolution of the photodiode and oscilloscope used was -2 ns, so it was not possible to resolve the pulses accurately in the highrepetition-rate case.
In the case of the low-harmonic stabilization the pulses were found have a square envelope and were of the order of 2 ns long, the exact duration being proportional to the pump power. For the higher harmonics, however, the pulses were always in the feintosecond regime. This self-organization was observed at all the cavity lengths that were investigated. It has been suggested that this effect is due to the stabilizing effect of a long-range soliton interaction that results from the electrostrictional excitation of acoustic oscillations. It is not clear, however, that this can explain the low-harmonic stabilization in which the pulses can be hundreds of nanoseconds apart, and we are currently investigating alternative mechanisms.
In addition to the temporal output regimes described above, it was also possible through adjustment of the fiber strainers to generate bursts of femtosecond pulses at repetition rates as high as 200 GHz with the number of pulses present in the burst dependent on the pump power. This effect has also been observed in Yb-Er-based systems 1 0 and is attributed to spectral beating caused by birefringence in the NALM.
In conclusion, we have demonstrated the generation of femtosecond soliton pulses in a Pr 3 +-doped fiber laser for the first time to our knowledge. We have thoroughly characterized this laser and report the novel self-organization of pulses into continuous pulse trains with well-defined repetition rates at both low and high harmonics of the fundamental cavity frequency. The source of this self-organization is the subject of further research.
